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Introduction {#sec001}
============

In order to maintain genomic integrity, cells have to successfully deal with thousands of threats on a daily basis that could potentially compromise the structure or sequence of DNA \[[@pgen.1008787.ref001]\]. While DNA double-strand breaks (DSBs) occur at a low incidence, they, nonetheless, are very challenging to repair faithfully \[[@pgen.1008787.ref001]\]. The appearance of one or more DSBs triggers a very complex response that is required to minimize genomic instability. This includes the activation of specific DSB repair pathways as well as of a cellular response that will affect virtually every aspect of metabolism, from cell cycle progression, to gene and protein expression \[[@pgen.1008787.ref001]\]. In terms of pure repair, broken DNA molecules can be repaired by the error-prone, but relatively fast and simple, non-homologous end-joining (NHEJ) mechanism or by the more accurate but complex homologous recombination (HR) mechanism \[[@pgen.1008787.ref002],[@pgen.1008787.ref003]\]. HR is considered the most error-free way to deal with a broken chromosome, at least when the sister chromatid is present \[[@pgen.1008787.ref003]\].

HR is a multi-step and complex pathway, but it is always initiated by processing the DNA ends in an event known as DNA end resection \[[@pgen.1008787.ref004],[@pgen.1008787.ref005]\]. Resection consists of a 5′--3′ degradation of one DNA strand at each side of the break, forming long tails of 3′-OH single-strand DNA (ssDNA). ssDNA must be protected from nucleases by the binding of protective protein complexes, such as RPA \[[@pgen.1008787.ref004],[@pgen.1008787.ref005]\]. Importantly, ssDNA is an obligatory intermediate of all HR pathways and is also a potent inhibitor of NHEJ. Resection itself is a two-step mechanism. Its initiation is catalyzed by the action of the Mre11-Rad50-Nbs1 (MRN) complex \[[@pgen.1008787.ref004],[@pgen.1008787.ref005]\]. However, several cellular and local criteria must be met for resection to be activated; therefore, resection is only started at specific breaks under specific circumstances.

Resection licensing depends greatly on a single factor, CtIP, which receives and integrates multiple cellular signals and is responsible for activating the MRN-role in resection \[[@pgen.1008787.ref004],[@pgen.1008787.ref006]\]. Not surprisingly, CtIP is heavily regulated at several levels. First, the overall amount of CtIP is strictly controlled, both at the level of *CtIP* mRNA transcription \[[@pgen.1008787.ref007]--[@pgen.1008787.ref009]\] and by protein stability \[[@pgen.1008787.ref010]--[@pgen.1008787.ref012]\]. Second, several post-translational modifications (both constitutive and induced) of CtIP are required for it to be able to help activate resection \[[@pgen.1008787.ref011]--[@pgen.1008787.ref017]\]. Once resection is initiated by the combined actions of MRN and CtIP, it is extended by other nucleases \[[@pgen.1008787.ref005],[@pgen.1008787.ref018]\], and the break can be repaired by recombination. Finally, a plethora of anti- and pro-resection factors can exert a regulatory role at this level \[[@pgen.1008787.ref005]\].

In addition to the activation of the repair mechanisms, the presence of DSBs triggers a complex, massive cellular response known as the DNA damage response (DDR) \[[@pgen.1008787.ref001]\]. This consists of a signaling cascade that can alter all cellular metabolism (including cell cycle progression, mRNA expression and splicing, and the chromatin environment) to create the perfect environment for repair to take place \[[@pgen.1008787.ref019]\]. In many cases, there is a crosstalk between the DNA repair pathways and DDR. Indeed, many repair factors are controlled at different levels by this global response, either through changes in their transcription or protein stability, or through post-translational modifications.

Thousands of proteins are involved in DDR, many of which can be recruited to regions of chromatin flanking a DSB. One such protein is ALC1, a chromatin remodeling factor that is recruited very rapidly to damaged DNA and is involved in local decondensation of chromatin, which is known to facilitate DDR \[[@pgen.1008787.ref020]\]. Also known as CHD1L (for CHD1-like), ALC1 lacks the chromodomains typical of the members of the CHD family but maintains the helicase domain \[[@pgen.1008787.ref020]\]. Additionally, ALC1 has a macrodomain that is involved in PAR-dependent recruitment to DNA damage \[[@pgen.1008787.ref020]\]. Further, ALC1 can locally relax the chromatin surrounding DSBs \[[@pgen.1008787.ref021]\]. In addition to its role in DDR, ALC1 has also been implicated in transcription of specific genes \[[@pgen.1008787.ref022],[@pgen.1008787.ref023]\]. Not surprisingly, ALC1 is considered an oncogene with effects in promoting proliferation, cell migration, invasion, and metastasis, and in inhibiting apoptosis \[[@pgen.1008787.ref024]\]. Despite its influence on DDR and oncogenesis, ALC1 has not yet been shown to be involved directly in DNA repair.

Here we show that ALC1 indeed facilitates DNA end resection and homologous recombination and, as a consequence, impairs NHEJ. Strikingly, however, it does so in a fashion that is completely independent of its DDR function, its helicase activity, and its PAR-dependent binding to damaged chromatin. Rather, this role is exerted by controlling CtIP expression and relies on the presence of a G-quadruplex (G4) structure in the 5′-UTR of the *CtIP* major mRNA isoform. Remarkably, whereas the G4-containing (G4) *CtIP* mRNA is less stable in the absence of ALC1, a second mRNA species that lacks such a structure in the 5′-UTR (G4less) is not. The mRNA helicase eIF4A1, which is involved in unwinding G4 in the 5′-UTR of mRNAs, cooperates with ALC1 in this role. In fact, the G4 5′-UTR sequence of *CtIP* is sufficient to affect expression of the non-related control *GFP* gene in a way that depends on both eIF4A1 and ALC1. Thus, we have revealed an additional way in which ALC1 and eIF4A1 regulate the responses to DSBs---by directly controlling *CtIP* mRNA stability.

Materials and methods {#sec002}
=====================

Cell lines and growth conditions {#sec003}
--------------------------------

U2OS, HeLa and RPE1 human cell lines were grown in DMEM (Sigma-Aldrich) supplemented with 10% fetal bovine serum (Sigma-Aldrich), 2 mM L-glutamine (Sigma-Aldrich) and 100 units/ml penicillin and 100 μg/ml streptomycin (Sigma-Aldrich). U2OS expressing YFP-ALC1 variants \[[@pgen.1008787.ref020]\] were grown in standard U2OS medium supplemented with 0.5 mg/ml G418 (Gibco, Invitrogen). U2OS cells stably expressing a control shRNA or an shRNA against CCAR2 or 53BP1, and those cells bearing a copy of the DR-GFP, SA-GFP or EJ5-GFP reporter system, were grown in standard DMEM described above supplemented with 1 μg/ml puromycin (Sigma-Aldrich). U2OS cells stably expressing the GFP or GFP-CtIP plasmid were grown in standard DMEM supplemented with 0.5 mg/ml G418 (Sigma-Aldrich). For serum starvation and release, RPE1 cells were cultured for 24h in medium containing 0.1% FBS and then released in fresh medium complemented with 10% FBS.

siRNAs, plasmids and transfections {#sec004}
----------------------------------

siRNA duplexes were obtained from Sigma-Aldrich, Dharmacon or Qiagen ([S1 Table](#pgen.1008787.s001){ref-type="supplementary-material"}) and were transfected using RNAiMax Lipofectamine Reagent Mix (Life Technologies), according to the manufacturer's instructions. Plasmid transfection of U2OS cells with YFP-ALC1 variants \[[@pgen.1008787.ref020]\] and GFP plasmids containing the 5′ UTR regions of CtIP was carried out using FuGENE 6 Transfection Reagent (Promega) according to the manufacturer's protocol.

HR and NHEJ analysis {#sec005}
--------------------

U2OS cells bearing a single copy integration of the reporters DR-GFP (Gene conversion), SA-GFP (SSA) or EJ5-GFP (NHEJ) \[[@pgen.1008787.ref025],[@pgen.1008787.ref026]\] were used to analyze the different DSB repair pathways. In all cases, 35,000 cells were plated in 6-well plates in duplicate. One day after seeding, cells were transfected with the indicated siRNA, and medium was replaced with fresh one without siRNAs 6--8 h later. Two days after the start of siRNA transfection, each duplicate culture was infected, one well with lentiviral particles containing I-SceI--BFP expression construct at MOI 10 using 4 μg/ml polybrene in 1 ml of DMEM, and the other well with DMEM including polybrene but without lentivirus (as a control for basal fluorescence). Cells were then left to grow for an additional 24 h before changing the medium for fresh DMEM. One day later, cells were washed with PBS, trypsinized, neutralized with DMEM, centrifuged for 5 min at 700 g, fixed with 4% paraformaldehyde for 20 min and collected by centrifugation. Cell pellets were washed once with PBS before resuspension in 150 μl of PBS. Samples were analyzed with a BD FACSAria with the BD FACSDiva Software v5.0.3. Four different parameters were considered: side scatter (SSC), forward scatter (FSC), blue fluorescence (407 nm violet laser BP, filter 450/40), green fluorescence (488 nm blue laser BP, filter 530/30). Finally, the number of green cells from at least 10,000 events positives for blue fluorescence (infected with the I-SceI--BFP construct) was scored, considering the background of green fluorescence obtained in the samples without infection with lentivirus harboring pBFP-ISceI plasmid as previously described \[[@pgen.1008787.ref026]--[@pgen.1008787.ref028]\]. To facilitate comparison between experiments, this ratio was normalized with siRNA control. At least three independent experiments were carried out for each condition; the average and standard deviations are given.

SDS-PAGE and Western blot analysis {#sec006}
----------------------------------

Protein extracts were prepared in 2× Laemmli buffer (4% SDS, 20% glycerol, 125 mM Tris-HCl, pH 6.8) and passed 10 times through a 0.5 mm needle--mounted syringe to reduce viscosity. Proteins were resolved by SDS-PAGE and transferred to low fluorescence PVDF membranes (Immobilon-FL, Millipore). Membranes were blocked with Odyssey Blocking Buffer (LI-COR) and blotted with the appropriate primary antibody ([S2 Table](#pgen.1008787.s002){ref-type="supplementary-material"}) and infra-red dyed secondary antibodies (LI-COR) ([S3 Table](#pgen.1008787.s003){ref-type="supplementary-material"}). Antibodies were prepared in blocking buffer supplemented with 0.1% Tween-20. Membranes were air-dried in the dark and scanned in an Odyssey Infrared Imaging System (LI-COR), and images were analyzed with ImageStudio software (LI-COR).

YFP-ALC1 immunoprecipitation {#sec007}
----------------------------

To immunoprecipitate YFP-ALC1 protein, U2OS cells were scrapped in lysis buffer containing proteases and phosphatases inhibitors (50 mM Tris-HCl pH 7.5, 50 mM NaCl, 1 mM EDTA, 0.5% NP-40, protease inhibitors \[11873580001, Roche\] and phosphatase inhibitor cocktail 3 \[P0044, Sigma\]). To degrade DNA, 100 U/ml Benzonase (70746--4, VWR) was added to protein extracts and incubated 30 min on ice. During that time, chromatin was sheared by passing the sample three times through a syringe with a 0.5x16 mm needle. In parallel, GFP-Trap beads (gtm-20, chromotek) were equilibrated once in lysis buffer without inhibitors for 5 min on ice with rocking, followed by two washes with lysis buffer containing inhibitors. Then, 1 mg of protein extracts was diluted in lysis buffer containing inhibitors to 0.2% NP-40 concentration. GFP-Trap beads were added and incubated under gentle agitation at 4°C for 2 hours. Beads were then washed twice with lysis buffer containing inhibitors, and the precipitate was eluted in Laemmli buffer, boiled, and resolved in SDS-PAGE as described.

Immunofluorescence and microscopy {#sec008}
---------------------------------

For RPA foci visualization, U2OS cells knocked-down for different proteins were seeded on coverslips. At 1 h after either irradiation (10 Gy) or treatment with 10 μM etoposide, coverslips were washed once with PBS followed by treatment with pre-extraction buffer (25 mM Tris-HCl, pH 7.5, 50 mM NaCl, 1 mM EDTA, 3 mM MgCl~2~, 300 mM sucrose and 0.2% Triton X-100) for 5 min on ice. Cells were fixed with 4% paraformaldehyde (w/v) in PBS for 15 min. Following two washes with PBS, cells were blocked for 1 h with 5% FBS in PBS, co-stained with the appropriate primary antibodies ([S2 Table](#pgen.1008787.s002){ref-type="supplementary-material"}) in blocking solution overnight at 4°C or for 2 h at room temperature, washed again with PBS and then co-immunostained with the appropriate secondary antibodies for 1 h ([S3 Table](#pgen.1008787.s003){ref-type="supplementary-material"}) in blocking buffer. After washing with PBS and drying with ethanol 70% and 100% washes, coverslips were mounted into glass slides using Vectashield mounting medium with DAPI (Vector Laboratories). RPA foci immunofluorescences were analyzed using a Leica Fluorescence microscope.

For 53BP1 visualization, U2OS cells were seeded and transfected as previous described. Once collected, cells were fixed with methanol (VWR) for 10 min on ice, followed by treatment with acetone (Sigma) for 30 sec on ice. For RIF1 foci visualization, cells were fixed with 4% PFA for 15 min, washed twice with 1× PBS and then permeabilized for 15 min with 0.25% Triton diluted in 1× PBS. Finally, CCAR2 foci were observed in cells permeabilized for 10 min on ice with 0.2% Triton diluted in 1× PBS.

Samples were immunostained as described above with the appropriate primary and secondary antibodies ([S2](#pgen.1008787.s002){ref-type="supplementary-material"} and [S3](#pgen.1008787.s003){ref-type="supplementary-material"} Tables). Images obtained with a Leica Fluorescence microscope were then analyzed using Metamorph to count the number, intensity and size of the foci.

SMART (single-molecule analysis of resection tracks) {#sec009}
----------------------------------------------------

SMART was performed as described \[[@pgen.1008787.ref029]\]. Briefly, cells were grown in the presence of 10 μM BrdU for 22--24 h. Cultures were then irradiated (10 Gy) and harvested after 1 h. Cells were embedded in low-melting agarose (Bio-Rad), followed by DNA extraction. DNA fibers were stretched on silanized coverslips, and immunofluorescence was carried out to detect BrdU ([S2](#pgen.1008787.s002){ref-type="supplementary-material"} and [S3](#pgen.1008787.s003){ref-type="supplementary-material"} Tables). Samples were observed with a Nikon NI-E microscope, and images taken and processed with the NIS ELEMENTS Nikon Software. For each experiment, at least 200 DNA fibers were analyzed, and the length of the fibers was measured with Adobe Photoshop CS4.

Cell cycle analysis {#sec010}
-------------------

Cells were fixed with cold 70% ethanol overnight, incubated with 250 μg/ml RNase A (Sigma) and 10 μg/ml propidium iodide (Fluka) at 37°C for 30 min and analyzed with a FACSCalibur (BD). Cell cycle distribution data were further analyzed using ModFit LT 3.0 software (Verity Software House Inc).

RNA extraction, reverse transcription and quantitative PCR {#sec011}
----------------------------------------------------------

RNA extracts were obtained from cells using NZY Total RNA Isolation kit (Nzytech) according to manufacturer's instructions. To obtain complementary DNA (cDNA), 1 μg RNA was subjected to RQ1 DNase treatment (Promega) prior to reverse transcription reaction using Maxima H Minus First Strand cDNA Synthesis kit (Thermo Scientific) according to manufacturer's instructions. Quantitative PCR from cDNA was performed to check siRNA-mediated knock-down of several proteins. For this, iTaq Universal SYBR Green Supermix (Bio-Rad) was used following manufacturer's instructions. DNA primers used for qPCR are listed in [S4 Table](#pgen.1008787.s004){ref-type="supplementary-material"}. Q-PCR was performed in an Applied Biosystem 7500 FAST Real-Time PCR system. The comparative threshold cycle (Ct) method was used to determine relative transcripts levels (Bulletin 5279, Real-Time PCR Applications Guide, Bio-Rad), using β-actin expression as internal control. Expression levels relative to β-actin were determined with the formula 2^-ΔΔCt^ \[[@pgen.1008787.ref030]\].

Cycloheximide chase assay {#sec012}
-------------------------

U2OS cells depleted for the indicated siRNA were treated with fresh DMEM containing 150 μg/ml cycloheximide (CHX, Sigma-Aldrich). Cells were collected 0, 4 and 8 h after CHX addition, and protein extracts were prepared as described before. Samples were resolved by SDS-PAGE, analyzed by immunoblotting ([S2](#pgen.1008787.s002){ref-type="supplementary-material"} and [S3](#pgen.1008787.s003){ref-type="supplementary-material"} Tables) and quantified with ImageStudio software (LI-COR). The siNT condition at time 0 was normalized as 100%, and the other conditions were relativized to this point. CtIP expression was calculated as the amount of CtIP divided by α-tubulin signal.

Cloning of *CtIP* 5′-UTR sequences {#sec013}
----------------------------------

Total RNA from U2OS cells was extracted and reverse-transcribed into cDNA as previous described using an specific primer for *CtIP* mRNA ([S4 Table](#pgen.1008787.s004){ref-type="supplementary-material"}). The 5′-UTR regions corresponding to the G4less and G4 isoforms were amplified by PCR by adding specific target sites for restriction enzymes (Takara). Amplified regions were cloned into the pEGFP-N1 vector (Clontech). Plasmid DNA was inserted into competent cells of the DH5α strain of *Escherichia coli*. Vector DNA was purified using PureYield Plasmid Maxiprep System (Promega) and sequenced to check the proper integration of the insert into the GFP plasmid.

Statistical analysis {#sec014}
--------------------

Statistical significance was determined with a Student's *t*-test or ANOVA as indicated using PRISM software (Graphpad Software Inc.). Statistically significant differences were labelled with one, two or three asterisks for *P* \< 0.05, *P* \< 0.01 or *P* \< 0.001, respectively.

Results {#sec015}
=======

ALC1 facilitates homologous recombination by promoting resection {#sec016}
----------------------------------------------------------------

ALC1 is rapidly recruited to DSBs, suggesting a very early role for it in the response to such type of damage \[[@pgen.1008787.ref020]\]. This observation raised the question whether ALC1 is affecting the choice between DSB repair pathways, namely between HR and NHEJ. To test this idea, we analyzed previously described, pathway-specific, GFP-based, DSB repair assays \[[@pgen.1008787.ref025],[@pgen.1008787.ref026]\]. Strikingly, ALC1 depletion led to a global decrease in homologous recombination, both in Rad51-dependent gene conversion and in Rad51-independent single-strand annealing ([Fig 1A and 1B](#pgen.1008787.g001){ref-type="fig"}). Reciprocally, downregulation of ALC1 increased NHEJ ([Fig 1C](#pgen.1008787.g001){ref-type="fig"}). Similar results for homologous recombination were obtained using two additional siRNAs against ALC1, including one against the 3′-UTR ([S1A Fig](#pgen.1008787.s005){ref-type="supplementary-material"}). However, NHEJ was more variable using these additional siRNAs ([S1B Fig](#pgen.1008787.s005){ref-type="supplementary-material"}) (the levels of ALC1 depletion in U2OS cells with different siRNAs are shown in [S1C and S1D Fig](#pgen.1008787.s005){ref-type="supplementary-material"}). Thus, our data agreed with ALC1 playing a role in the decision between HR and NHEJ at an initial level, and mostly at the level of recombination. Such unbalancing of DSB repair pathways has been observed mainly when DNA resection regulation is affected. In agreement with a role of ALC1 in DNA end processing, ALC1 depletion qualitatively resembled the downregulation of the key resection factor CtIP ([Fig 1A--1C](#pgen.1008787.g001){ref-type="fig"} and [S1A and S1B Fig](#pgen.1008787.s005){ref-type="supplementary-material"}).

![ALC1 facilitates homologous recombination and impairs NHEJ.\
**A** Classical homologous recombination was measured as described in the methods section using the DR-GFP reporter (top) \[[@pgen.1008787.ref025]\]. An active GFP gene is formed upon gene conversion of an I-SceI--induced DSB. Briefly, cells constitutively transfected with a single copy of the reporter were depleted for the indicated proteins, and after two days were infected with viral particles containing an I-SceI--BFP expression construct. Two day later, fluorescence accumulation was scored by FACs. The percentage of blue fluorescent cells (bearing the I-SceI) that became green was scored and normalized as described in the Methods section. The experiment was repeated three times, and the average and standard deviation is plotted (bottom). Statistical significance was calculated using a one-way ANOVA test. Two or three asterisks represent *P* \< 0.01 and *P* \< 0.001, respectively. **B** Same as (A) but using the SSA reporter SA-GFP \[[@pgen.1008787.ref026]\]. **C** Same as (A) but using the NHEJ reporter EJ5-GFP \[[@pgen.1008787.ref026]\].](pgen.1008787.g001){#pgen.1008787.g001}

Thus, one possibility was that ALC1 was affecting DNA end resection. To test this, we analyzed DNA end resection by checking the formation of RPA foci in cells exposed to DNA damage. We used phosphorylation of the histone variant H2AX (γH2AX) as a positive marker of DNA damage. Indeed, ALC1 depletion impaired resection in U2OS cells treated with ionizing radiation ([Fig 2A](#pgen.1008787.g002){ref-type="fig"}) or the topoisomerase II inhibitor etoposide ([Fig 2B](#pgen.1008787.g002){ref-type="fig"}). DNA end resection is regulated by the cell cycle, as G1 cells do not resect extensively \[[@pgen.1008787.ref004]\]. We did not observe a significant change in the amount of G1 cells when ALC1 was downregulated ([S1E Fig](#pgen.1008787.s005){ref-type="supplementary-material"}); however, to be absolutely sure that the observed effects were not due to cell cycle perturbations, we repeated the RPA foci assay after irradiation but considering only the cells positive for the cell cycle marker CENPF, a kinetochore protein that accumulates in S and G2 cells \[[@pgen.1008787.ref031]\]. Even analyzing exclusively S/G2 cells, the DNA resection defect caused by ALC1 depletion was maintained ([Fig 2C](#pgen.1008787.g002){ref-type="fig"}). Moreover, in HeLa cells, RPA foci formation after ionizing radiation was also compromised in cells downregulated for ALC1 ([Fig 2D](#pgen.1008787.g002){ref-type="fig"}; see also [S1C Fig](#pgen.1008787.s005){ref-type="supplementary-material"} for depletion, and [S1F Fig](#pgen.1008787.s005){ref-type="supplementary-material"} for cell cycle). From this point onwards, unless specified, all the experiments shown were performed in U2OS cells.

![ALC1 is required for DNA end resection.\
**A** DNA end resection was scored by the accumulation of RPA foci 1 h after 10 Gy of ionizing radiation in U2OS cells depleted for two days for the indicted factors. γH2AX was used as a mark of DNA damage. The average and standard deviation of three independent experiments is plotted (top), and representative images are shown (bottom). Scale Bar represent 25 μm. Statistical significance was calculated using a one-way ANOVA test. One, two or three asterisks represent P\<0.05, P\<0.01 and P\<0.001 respectively. **B** Same as (A) but after 1 h treatment of 10 μM etoposide. **C** Same as (A) but using CENPF as a marker of the S and G2 phases of the cell cycle. The percentage of RPA-positive cells from those positive for CENPF is represented in the graph. **D** Same as (A) but in HeLa cells. **E** Same as (A) but in cells transfected or not with a YFP-tagged version of wild-type ALC1. In this case, an siRNA against the 3′-UTR of ALC1, absent in the YFP-fusion, was used to deplete endogenous ALC1. **F** Resection length on individual DNA fibers was calculated as previously published using SMART. Briefly, cells depleted for the indicated proteins were incubated for 24 h with BrdU. Cells were then irradiated with 10 Gy, and after 1 h, DNA was extracted as described in the Method section. DNA was then stretched on coverslips, and ssDNA was detected using a BrdU antibody. At least 250 DNA fibers were scored per condition. Resection length was normalized to the control sample. The average and standard deviation of three independent experiments were plotted (top). and representative images are shown (bottom). Statistical significance was calculated using a one-way ANOVA test. Three asterisks represent P\<0.001.](pgen.1008787.g002){#pgen.1008787.g002}

To demonstrate that the effect in DNA end resection was indeed mediated by ALC1, we complemented the depletion of the mRNA using a siRNA against the 3′-UTR with a siRNA-resistant YFP-ALC1 construct ([Fig 2E](#pgen.1008787.g002){ref-type="fig"}). We observed a reduction not only in the number of breaks that were processed in ALC1-depleted cells but also in the length of the resected DNA, measured by SMART \[[@pgen.1008787.ref029],[@pgen.1008787.ref032]\] ([Fig 2F](#pgen.1008787.g002){ref-type="fig"}). Moreover, we observed a decrease after ALC1 depletion not only in the number of RPA foci--positive cells, but also in the average number of RPA foci per cell ([S1G Fig](#pgen.1008787.s005){ref-type="supplementary-material"}).

ALC1 depletion increases the loading of anti-resection factors {#sec017}
--------------------------------------------------------------

For resection to proceed, it needs to overcome the barriers caused by several anti-resection pro-NHEJ proteins that are recruited to damaged chromatin, such as 53BP1, RIF1 and CCAR2 \[[@pgen.1008787.ref033],[@pgen.1008787.ref034]\]. Thus, we wondered if the impaired resection observed in ALC1-depleted cells correlated with an increased loading of such factors, as suggested by the increase in the NHEJ pathway ([Fig 1C](#pgen.1008787.g001){ref-type="fig"}). Indeed, ALC1 downregulation, similar to CtIP depletion, increased the number of foci of both 53BP1 and RIF1 in irradiated cells ([Fig 3A and 3B](#pgen.1008787.g003){ref-type="fig"}). This was not due to an accelerated kinetic of recruitment, as the levels of 53BP1 remained equally elevated at different times after irradiation ([S2A Fig](#pgen.1008787.s006){ref-type="supplementary-material"}). Moreover, for 53BP1 (but not for RIF1), these foci were brighter and bigger ([S2B--S2E Fig](#pgen.1008787.s006){ref-type="supplementary-material"}). Along the same lines, ALC1 depletion increased the number of foci of the resection antagonist CCAR2 ([Fig 3C](#pgen.1008787.g003){ref-type="fig"}). Neither the size of CCAR2 foci nor their intensity were significantly different in siRNA-depleted ALC1 cells as compared to control cells ([S2F--S2G Fig](#pgen.1008787.s006){ref-type="supplementary-material"}).

![The recruitment of anti-resection factors is increased upon ALC1 depletion.\
**A--C** The formation of 53BP1 foci (A) or RIF1 foci (B), or the recruitment of CCAR2d (C) was tested in U2OS cells transfected with the indicated siRNAs at 1 h after irradiation (10 Gy). Cells were treated as described in [Fig 2A](#pgen.1008787.g002){ref-type="fig"}. The number of foci per cell was scored automatically using the software Metamorph. The average and standard deviation of three independent experiments were plotted (left), and representative images of one cell are shown (right). Scale Bar represent 10 μm. Statistical significance was calculated using a one-way ANOVA test. Two or three asterisks represent P\<0.01 and P\<0.001, respectively.](pgen.1008787.g003){#pgen.1008787.g003}

There are two possible explanations for the resection phenotype observed in ALC1 downregulated cells: 1) the chromatin environment favored either the recruitment or retention of anti-resection proteins, which in turn blocked processing of the DNA ends; and 2) the resection impairment caused an accumulation of 53BP1, RIF1 and CCAR2. In the first scenario, depletion of such resection barriers should suppress, or at least alleviate, the decrease in RPA foci caused by ALC1 reduction. As this was not observed ([S3A--S3C Fig](#pgen.1008787.s007){ref-type="supplementary-material"}), we concluded that ALC1 facilitates resection progression directly, and that this resection is responsible for displacing 53BP1, RIF1 and CCAR2 from damaged DNA.

The role of ALC1 in resection is independent of its catalytic activity and DNA binding {#sec018}
--------------------------------------------------------------------------------------

Several domains have been previously described in ALC1 as important for its role in the DNA damage response. This include two tandem catalytic domains with helicase activity, and a macro-domain involved in PAR-dependent binding to damaged chromatin \[[@pgen.1008787.ref020]\]. We tested if any of these factors are important for DNA resection. Surprisingly, ALC1-depleted cells expressing siRNA-resistant variants of the protein harboring mutations that compromise either the catalytic domain or the DNA binding domain \[[@pgen.1008787.ref020]\] were as proficient in DNA resection as the wild-type protein, both with respect to the number of RPA-positive cells and to the average number of RPA foci per cell ([S4A--S4D Fig](#pgen.1008787.s008){ref-type="supplementary-material"}). These data suggest that both domains are dispensable for the role of ALC1 in resection.

ALC1 controls CtIP protein levels {#sec019}
---------------------------------

Our data suggested that ALC1 controlled resection directly, but in a manner that required neither its DNA binding capacity nor its helicase activity. Thus, we considered the possibility that it was somehow affecting some factors from the resection machinery. Due to its key role in DNA end resection, we first focused on CtIP. Indeed, a reduction in CtIP levels was readily observed after ALC1 depletion ([S1C and S1D Fig](#pgen.1008787.s005){ref-type="supplementary-material"}). We then performed a cycloheximide chase to analyze the stability of CtIP after ALC1 depletion ([Fig 4A and 4B](#pgen.1008787.g004){ref-type="fig"}). Indeed, ALC1-depleted cells showed reduced levels of the key resection factor CtIP ([Fig 4A](#pgen.1008787.g004){ref-type="fig"}; see time 0), which was however not due to a reduction of protein stability ([Fig 4A and 4B](#pgen.1008787.g004){ref-type="fig"}). Interestingly, these decreased protein levels were rescued by expression of wild-type YFP-ALC1 as well as by the mutants defective in the catalytic activity and DNA damage recruitment ([S4E Fig](#pgen.1008787.s008){ref-type="supplementary-material"}), in agreement with these domains as being dispensable for the resection phenotype of this factor. ALC1, as a chromatin remodeling factor, has been involved in transcription \[[@pgen.1008787.ref022],[@pgen.1008787.ref023]\], so a reasonable hypothesis was that ALC1 affected the transcription of CtIP. However, both the catalytic activity and the DNA binding domains of ALC1 were dispensable for DNA end resection and protein levels ([S4A--S4D Fig](#pgen.1008787.s008){ref-type="supplementary-material"}). Indeed, total *CtIP* mRNA levels were only slightly reduced after downregulation of ALC1 ([Fig 4C](#pgen.1008787.g004){ref-type="fig"}). Thus, our data suggested that ALC1 controlled CtIP abundance post-transcriptionally but pre-translationally.

![CtIP protein levels are reduced in cells downregulated for ALC1.\
**A** U2OS cells transfected with the indicated siRNA were treated with cycloheximide (CHX). Protein samples were collected 0, 4 and 8 h after 150 μg/ml CHX addition to the cell culture, resolved in SDS page and blotted for CtIP, ALC1 and tubulin (as a loading control). A representative western blot (of three) is shown. **B** Quantification of (A). The average and standard deviations of three independent experiments are shown. Statistical significance of the differences at each time point were calculated with a t-student test and are marked with two (*P* \< 0.01) or three (*P* \< 0.001) asterisks. **C** Total RNA was collected from U2OS cells transfected with siRNA against ALC1 (black bars) or a control sequence (white bars). The amount of ALC1 and *CtIP* mRNA was then quantified by qPCR using primers that recognize all splicing variants of the gene. Values in ALC1-depleted cells were normalized to control samples. The average and standard deviations of three independent experiments are shown. Statistical significance was calculated using a two-way ANOVA test. Three asterisks represent P\<0.001.](pgen.1008787.g004){#pgen.1008787.g004}

ALC1 regulates CtIP in coordination with the translation factor eIF4A1 {#sec020}
----------------------------------------------------------------------

ALC1 was previously found to physically interact with the eIF4A1 translation factor in a mass spectrometry experiment \[[@pgen.1008787.ref020]\]. eIF4A1 is a RNA helicase involved in opening RNA G-quadruplexes (G4s) in long 5′-UTRs, which allows their translation \[[@pgen.1008787.ref035]\]. We thus wondered if the regulatory function of ALC1 over *CtIP* mRNA in the post-transcription--pre-translation window was dependent on its association with eIF4A1. We first co-immunoprecipitated eIF4A1 with YFP-ALC1 using a GFP-trap to confirm the interaction in our system ([Fig 5A](#pgen.1008787.g005){ref-type="fig"}). Despite some background unspecific binding, we observed an increase of eIF4A1 signal when the YFP-ALC1 was used as a bait ([Fig 5A](#pgen.1008787.g005){ref-type="fig"}). Intriguingly, we also observed that eIF4A1 siRNA-mediated depletion also decreased CtIP levels to a similar extent as ALC1 ([Fig 5B](#pgen.1008787.g005){ref-type="fig"} and [S5A Fig](#pgen.1008787.s009){ref-type="supplementary-material"}). In fact, double depletion of both proteins showed a similar phenotype to either single depletion, arguing that they could belong to the same genetic pathway ([Fig 5B](#pgen.1008787.g005){ref-type="fig"} and [S5A Fig](#pgen.1008787.s009){ref-type="supplementary-material"}). Similarly, eIF4A1 downregulation mimicked ALC1 depletion defect with respect to DNA end resection, measured as RPA foci formation after exposure to ionizing radiation ([Fig 5C and 5D](#pgen.1008787.g005){ref-type="fig"}). (Note that, although eIF4A1 depletion changed the profile of the cell cycle ([S5B Fig](#pgen.1008787.s009){ref-type="supplementary-material"}), this cannot account for the RPA defects). Cells simultaneously depleted for both ALC1 and eIF4A1 behaved very similarly to those transfected with either siRNA independently in terms of resection ([Fig 5C](#pgen.1008787.g005){ref-type="fig"}), reinforcing the idea that there is a genetic connection between them. Moreover, eIF4A1 depletion impaired homologous recombination, measured using the DR-GFP reporter, and its effect was epistatic over ALC1 depletion ([Fig 5E](#pgen.1008787.g005){ref-type="fig"}). These results strongly suggest that ALC1 and eIF4A1 collaborate in resection and recombination.

![eIF4A1 and ALC1 affect resection by controlling CtIP levels.\
**A** Interaction between ALC1 and eIF4A1 was detected by immunoprecipitation (IP, left) of protein samples from U2OS cells transfected with a YFP-ALC1 construct using a GFP-trap or an IgG control, as described on the method section. Proteins were resolved in SDS PAGE and blotted with antibodies against ALC1 or eIF4A1. A representative western blot is shown. INPUT samples from cells transfected or not with the YFP-ALC1 are shown on the right side. Endogenous ALC1 and YFP tagged ALC1 bands are marked with arrows. INP. **B** A representative western blot (of three) with protein samples from U2OS cells transfected with siRNAs against ALC1, eIF4A1, or both, or against a control sequence, and bearing a GFP-CtIP or a GFP plasmid. The signals from CtIP, ALC1, eIF4A1 and HSP70 antibodies are shown. **C** Resection in cells treated as in (A) was measured by RPA foci formation at 1 h after irradiation (10 Gy). The average and standard deviations of three independent experiments are shown. Statistical significance was calculated using a two-way ANOVA test. One, two or three asterisks represent P\<0.05, P\<0.01 and P\<0.001 respectively. **D** A representative image of each condition shown in (C). Scale Bar represent 25 μm. **E** Homologous recombination was measured as described in [Fig 1A](#pgen.1008787.g001){ref-type="fig"} but using the DR-GFP reporter (left) in cells snRNA-depleted for only eIF4A1 or for both eIF4A1 and ALC1. The average and standard deviations of three independent experiments are plotted. Statistical significance was calculated using a one-way ANOVA test. Three asterisks represent p\<0.001.](pgen.1008787.g005){#pgen.1008787.g005}

One prediction of our model of ALC1 and eIF4A1 cooperating to maintain CtIP levels is that overexpression of CtIP should rescue, or at least alleviate, the resection phenotype observed when either of these two proteins is downregulated. Indeed, ectopic expression of CtIP cDNA, lacking the endogenous 5′-UTR, fused to GFP (GFP-CtIP; [Fig 5A](#pgen.1008787.g005){ref-type="fig"}) completely rescued RPA foci formation in cells depleted of ALC1, eIF4A1 or both ([Fig 5B and 5C](#pgen.1008787.g005){ref-type="fig"}). Indeed, upon GFP-CtIP overexpression, resection in ALC1- and eIF4A1-downregulated cells could be rescued to by GFP-CTIP to a similar extent as CtIP depletion. Interestingly, only the resection defect of ALC1, but not the HR impairment, can directly be ascribed to the reduction of CtIP levels, as overexpression of siRNA resistant FLAG-CtIP did not suppressed such phenotype ([S5C Fig](#pgen.1008787.s009){ref-type="supplementary-material"}). Note that FLAG-CtIP could not completely rescue CtIP depletion, arguing that the construct is not fully functional but enough to overcome CtIP defect. Thus, this suggests that ALC1 role in resection is mediated by CtIP, but that ALC1 plays additional roles in recombination at later steps that are independent of CtIP levels.

ALC1 and eIF4A1 affect the stability of specific *CtIP* mRNA species {#sec021}
--------------------------------------------------------------------

Our data suggested that eIF4A1 and ALC1 act together to control CtIP levels in a post-transcriptional--pre-translational window, suggesting that ALC1 has a yet- uncharacterized function in mRNA metabolism. eIF4A1 is particularly important for translate mRNAs containing a (CGG)4 structure \[[@pgen.1008787.ref035]\]. Strikingly, *CtIP* gene produces two different mRNAs molecules that code for the canonical full-length protein and vary only in their 5′-UTR sequences. Using the software QGRS Mapper, we found that one of those transcripts has a sequence prone to form G4s ([Fig 6A](#pgen.1008787.g006){ref-type="fig"}, green boxes of "G4" transcript). On the contrary, the other variant lacks such structure ([Fig 6A](#pgen.1008787.g006){ref-type="fig"}; "G4less" transcript). Further, although both transcripts have several (CGG)4 motifs that are known to be recognized by eIF4A1 \[[@pgen.1008787.ref035],[@pgen.1008787.ref036]\], the G4 variant has more of them ([Fig 6A](#pgen.1008787.g006){ref-type="fig"}, marked in red).

![The 5′-UTR sequence of *CtIP* mRNA determines its requirement for ALC1 and eIF4A1.\
**A** 5′-UTR sequences of the two splicing variants of CtIP that code for a full-length protein. The common sequence is labelled in blue. CGG repeats, typical of eIF4A1-binding sites on mRNA, are shown in red. The transcript that is not likely to form RNA G-quadruplexes (G4less is shown at the top, and the one that is likely to form G4s (G4), as recognized by QGRS Mapper software, is shown at the bottom. The sequence prone to forming the G-quadruplex in the G4 variant is depicted as green boxes. **B** qPCR using splicing-variant specific primers of the G4 and G4less *CtIP* mRNA in U2OS cells depleted for ALC1 (black bars) or not (white bars). All mRNA data were normalized to the G4 isoform of *CtIP* in the control conditions. The average and standard deviation of three experiment is shown. Statistical significance was calculated using a two-way ANOVA test. One, two or three asterisks represent P\<0.05, P\<0.01 and P\<0.001 respectively. **C** Same as panel B, but in HeLa cells transfected with the indicated siRNAs. **D** qPCR using specific primers of the G4less *CtIP* mRNA in RPE cells depleted for ALC1 (black bars) or not (white bars) 0h (G1 enriched cells) or 22h (S/G2 cells enriched samples) after serum starvation and release. All mRNA data were normalized to the G1 enriched sample in the control conditions. Other details as in B. **E** Same as panel D, but using primers specific for the G4 isoform. **F** Accumulation of the G4^+^ and G4^−^ variants of *CtIP* mRNA in cells depleted for the indicated proteins after 12 h of treatment with actinomycin D (ActD) or DMSO (as a control). The other details are as given in (B).](pgen.1008787.g006){#pgen.1008787.g006}

We decided to use specific sets of primers to test the accumulation of each of those two mRNA in cells by quantitative PCR. Of note, the CtIP splicing variants that do not code for the whole protein were not studied. Importantly, the G4 5′-UTR-transcript of *CtIP* is the most abundant transcript of those that code for the full-length protein in the cells, accounting for over two thirds of the *CtIP* mRNA that codes for a wildtype protein in normal conditions ([Fig 6B](#pgen.1008787.g006){ref-type="fig"}). Moreover, only the G4 variant was reduced upon ALC1 depletion ([Fig 6B](#pgen.1008787.g006){ref-type="fig"}). Similar results were obtained in HeLa cells, reinforcing the idea that this is a general response in different cell lines ([Fig 6C](#pgen.1008787.g006){ref-type="fig"}). CtIP is known to be heavily regulated during the cell cycle \[[@pgen.1008787.ref007]--[@pgen.1008787.ref009],[@pgen.1008787.ref037],[@pgen.1008787.ref038]\]. In order to see if any of those transcripts was particularly affected by ALC1 in a specific cell cycle stage, we synchronized RPE1 cells in G0/G1 with serum starvation and measured the presence of each CtIP isoform 0 h after fresh serum addition (G1 enriched cells) or 22 h later (samples enriched in S/G2 cells) ([S5D fig](#pgen.1008787.s009){ref-type="supplementary-material"}). As expected, both transcripts were more abundant in the samples enriched for S and G2 cells ([Fig 6D and 6E](#pgen.1008787.g006){ref-type="fig"}), in agreement with CtIP expression been cell cycle regulated. Whereas the G4less mRNA was not affected in any cell cycle phase ([Fig 6D](#pgen.1008787.g006){ref-type="fig"}), the G4-bearing transcript was similarly affected regardless of the cell cycle stage ([Fig 6E](#pgen.1008787.g006){ref-type="fig"}).

As only one of the CtIP isoforms was affected, together with the fact that the ATPase activity of ALC1 was not required for DNA end resection, we hypothesized that this regulation of mRNA levels might happens post-transcriptionally, probably at the level of RNA stability. To test this idea, we analyzed how much mRNA of both CtIP isoforms decay after transcription inhibition with actinomycin D (ActD) for 12 h compared with DMSO treated cells as a control and normalized to the G4less transcript in cells transfected with the control siRNA ([Fig 6F](#pgen.1008787.g006){ref-type="fig"}). As expected, the G4 transcript was expressed to a higher degree than the G4less in all cases ([Fig 6F](#pgen.1008787.g006){ref-type="fig"}). Similar amounts of G4less mRNA were observed in DMSO and ActD treatment in cells transfected with control siRNA, indicating that such transcript is quite stable ([Fig 6F](#pgen.1008787.g006){ref-type="fig"}). On the contrary, a 25% decrease of the G4 mRNA levels was observed upon treatment with ActD on control cells, suggesting that such isoform turnover is indeed faster than the G4less, but still quite stable ([Fig 6F](#pgen.1008787.g006){ref-type="fig"}). Thus, the differences in abundance between G4less and G4 transcripts cannot be ascribed to changes in stability per se. Strikingly, ALC1 and eIF4A1 depletion increases the decay of both species of *CtIP* mRNA, as the amount of RNA was greatly reduced in ActD treated samples when compared with DMSO. However, for ALC1 this effect was more evident in the G4 5′-UTR mRNA and only to a lesser extent the G4less 5′-UTR molecule ([Fig 6C](#pgen.1008787.g006){ref-type="fig"}). Indeed, in ALC1 depleted cells the G4 5′-UTR mRNA was halved in ActD treated versus DMSO cells, but the G4less 5′-UTR was decreased only around 33%. In stark contrast, eIF4A1 downregulated cells showed a decrease of 75% in both *CtIP* splicing variants. Therefore, our data indicate a role of both ALC1 and eIF4A1 in controlling the stability of *CtIP* mRNA, but especially when the G4 5′-UTR was present. In summary, the G4 transcript accumulates to a higher level than the G4less in control cells, in a fashion that does not depend on mRNA stability. Additionally, ALC1 and eIF4A1 are especially important to maintain the G4, and only to a lesser extent the G4less, mRNA stability.

The presence of the G4 5′-UTR sequence of CtIP is sufficient to render the stability of GFP mRNA as dependent on ALC1 and eIF4A1 {#sec022}
--------------------------------------------------------------------------------------------------------------------------------

To unequivocally demonstrate that the G4 5′-UTR of *CtIP* mRNA was responsible for the requirement of ALC1 and/or eIF4A1 for full CtIP expression, we cloned it upstream of a GFP gene (G4-GFP). As controls, we used the unmodified GFP and another construct containing the 5′-UTR of the CtIP mRNA transcript that lacks the G4 sequence (G4less-GFP). GFP was equally expressed in all genetic backgrounds in cells transfected with the GFP plasmid control ([Fig 7A](#pgen.1008787.g007){ref-type="fig"}). Interestingly, GFP accumulation from the G4-GFP construct was higher than that from the G4less-GFP plasmid ([Fig 7B](#pgen.1008787.g007){ref-type="fig"}), mimicking what happens with both endogenous isoforms of full-length *CtIP* mRNA ([Fig 6B](#pgen.1008787.g006){ref-type="fig"}) and suggesting that such a UTR on its own might increase the mRNA and protein amounts. More importantly, GFP protein levels depended on the presence of both ALC1 and eIF4A1 in cells transfected with the G4-GFP but not from cells transfected with the G4less-GFP construct (e.g., eIF4A1 or ALC1 depletion had no effect on GFP levels in G4less-GFP cells) ([Fig 7B](#pgen.1008787.g007){ref-type="fig"}). We then confirmed that the protein levels reflected changes in the accumulation of mRNA. Again, there was little effect on a standard GFP plasmid control ([Fig 7C](#pgen.1008787.g007){ref-type="fig"}), but strikingly, *G4less-GFP* mRNA accumulation was independent of ALC1 and eIF4A1, whereas *G4-GFP* mRNA required both proteins for proper accumulation ([Fig 7D](#pgen.1008787.g007){ref-type="fig"}). Thus, the presence of the G4 from CtIP in the unrelated 5′-UTR of the *GFP* gene is sufficient to make the expression of that gene dependent on ALC1 and eIF4A1.

![The G4 5′-UTR sequence of *CtIP* renders any mRNA dependent on ALC1 and eIF4A1 for stability.\
**A** Representative western blot (of three) showing the accumulation of GFP from a control GFP plasmid in cells transfected with the indicated siRNAs. Briefly, cells transfected with a GFP construct were depleted of ALC1 or eIF4A1. Protein samples were collected and resolved in an SDS PAGE before blotting with the indicated antibodies. **B** RNA was isolated from U2OS cells transfected with an empty GFP control plasmid and depleted for the indicated factors. The amount of *GFP* mRNA was measured using qPCR and normalized to the samples transfected with the control siRNA. The average and standard deviation of three independent experiments are plotted. Statistical significance was calculated using a one-way ANOVA test. **C** The same as in (A) but in cells with constructs in which the *GFP* gene was fused to either the G4^−^ (left) or G4^+^ 5′-UTR of *CtIP*. **D** The same as in (B) but in cells transfected with the transcription fusions of CtIP 5′-UTRs and GFP. The average and standard deviations of four independent experiments are shown. Statistical significance was determined by a one-way ANOVA test. Statistical significance was calculated using a one-way ANOVA test. One or two P\<0.05 and P\<0.01, respectively.](pgen.1008787.g007){#pgen.1008787.g007}

Discussion {#sec023}
==========

The balance between HR and NHEJ is critical for cell fitness and an appropriate response to chromosome breaks. Thus, it is not surprising that a tight regulatory network controls the choices between the two DSB repair pathways. In the last decade, it has become obvious that the preferred regulatory point is DNA end resection, and more specifically, the control of the activity and levels of the key resection factor CtIP. CtIP is heavily post-transcriptionally modified, allowing it to specifically respond to cell cycle positioning and the DNA damage response \[[@pgen.1008787.ref006]\]. Constitutive post-transcriptional modifications also impact in its role in resection \[[@pgen.1008787.ref014]\]. However, it is also heavily controlled both transcriptionally and at the level of protein stability \[[@pgen.1008787.ref007]--[@pgen.1008787.ref012]\]. Here, we show an additional layer of regulation of CtIP homeostasis, which acts post-transcriptionally at the level of mRNA stability. Of the two known splicing variants that code for a full-length protein, we show that the most abundant form (the mRNA of which contains the G4 structure; termed here G4) is intrinsically less stable. Moreover, both variants (but mostly the most abundant one) require additional factors that control their stability, namely the helicases ALC1 and the transcription factor eIF4A1. ALC1 depletion has little effect on the bulk of *CtIP* mRNA, as detected using a pair of oligonucleotides that recognize all *CtIP* isoforms and not only the two that code for full-length CtIP; this argues that it does not affect general *CtIP* transcription. But a different picture emerges with a careful analysis specifically of the two splicing variants that code for a fully functional CtIP. In this case, changes in mRNA levels can be readily observed in the G4 variant. Thus, although ALC1 has little effect on the bulk of *CtIP* splicing forms, it is extremely important for maintaining the levels of the full-length CtIP protein, which it does by affecting the stability of the mRNA variants that encode the full-length protein and, particularly, for the G4 isoform. Most of this depends on the presence of specific 5′-UTR sequences. Indeed, of the two isoforms analyzed here, termed G4 and G4less, the one containing RNA sequences that are prone to forming G-quadruplexes (G4) is especially relevant. The presence of the G4 sequence, even in a chimeric fusion with GFP, increases the levels of mRNA and protein as compared with the sequence of G4less, but, on the negative side, it makes such splicing variant more dependent on ALC1. Interestingly, this is more evident in the context of the GFP constructs than in the endogenous *CtIP* mRNA, particularly for the requirement of eIF4A1. One likely explanation is that the *CtIP* mRNA contains additional signals that control its stability, which could be dependent as well as independent of ALC1 and eIF4A1. The analysis of the GFP construct, at the level of mRNA and protein accumulation, also indicates that, superseded to the regulation of mRNA stability, an additional layer of control seems to exist at the level of protein translation that relies on eIF4A1 but not on ALC1. Indeed, siRNA-mediated depletion of ALC1 and eiF4A1 rendered similar effects on the mRNA amount from the GFP constructs but showed dramatic differences at the protein level. Specifically, whereas downregulation of eIF4A1 increased GFP levels from a G4less-harboring mRNA, it severely reduced protein production from the G4 construct as compared with cells depleted for ALC1 and despite having similar mRNA levels. Moreover, even though both GFP constructs are severely decreased at the level of mRNA after eIF4A1 depletion, a reduction in protein accumulation is only evident in the G4 GFP-fusion. As mentioned above, both isoforms contain the (CGG) motif that can be recognized by eiF4A1, but only the G4 variant can form a secondary structure of the RNA G-quadruplex. Thus, it is not surprising that the stability of both mRNA species can depend on eIF4A1, but the translation of only the G4-containing one is affected. This agrees with the known role of eIF4A1 in translation of mRNAs that contain G-quadruplexes in their 5′-UTR \[[@pgen.1008787.ref035]\].

However, and as mentioned above, these results are less clear in the context of the endogenous *CtIP* mRNA splice variants, suggesting additional effects of ALC1, eIF4A1 and possibly other proteins in controlling *CtIP* mRNA stability and maybe translation efficiency. In fact, the splicing factors SF3B and Aquarius were recently shown to maintain CtIP levels and proper HR rates \[[@pgen.1008787.ref010],[@pgen.1008787.ref039]\]. Interestingly, SF3B affect resection mainly through CtIP, but as we observe here with ALC1, SF3B effect on HR cannot be rescued by CtIP overexpression \[[@pgen.1008787.ref039]\]. Moreover, the mRNA binding protein SERBP1, associated to the 40S subunit of active ribosomes in normal and tumor cells \[[@pgen.1008787.ref040]\], binds to *CtIP* mRNA and promotes its translation specifically in S phase by binding to its 3′-UTR \[[@pgen.1008787.ref041]\]. These additional factors might explain some discrepancies observed between ALC1 and CtIP depletion for DNA end resection. Chiefly among them, ALC1-depleted cells are not sensitive to camptothecin treatment \[[@pgen.1008787.ref020]\], but CtIP has been shown to be particularly important for CPT-induced DSB resection and survival \[[@pgen.1008787.ref042]\]. CPT adducts only become DNA DSBs in S phase associated to replication. In contrast, IR or etoposide promote DSB formation in all of the cell cycle stages. Therefore, ALC1 may have a more important role in maintaining CtIP levels in G2, whereas it could be counteracted in S phase by SERBP1 \[[@pgen.1008787.ref041]\]. One likely explanation is that in S phase, SERBP1-induced increases in translation might outweigh the reduction of *CtIP* mRNA levels caused by ALC1 depletion, allowing a normal expression of the protein and sufficient resection of DSB in S phase. This additional layer of regulation of CtIP expression at the level of mRNA stability/translation probably reflects its importance for replication. Indeed, CtIP is known to be enriched in ongoing replication forks \[[@pgen.1008787.ref043]\], and to be important for rescuing stalled replication forks \[[@pgen.1008787.ref044]\]. Further, CtIP protects the forks from degradation when a replication stress is present \[[@pgen.1008787.ref045]\]. Thus, another possibility is that, despite the reduced levels of CtIP after ALC1 depletion, all the remaining protein remains associated with the replication machinery, where it will be readily available to repair CPT-induced damage, but it is not free to support resection outside of the replication context.

Our data also indicate that ALC1 has an additional role in controlling the response to DNA breaks that is independent from its DDR function of relaxing chromatin in the vicinity of DSBs \[[@pgen.1008787.ref021]\]. This new role relies in controlling CtIP to regulate resection. Whether this novel activity is connected with the DNA damage response remains to be explored. Additionally, our data also suggest that ALC1 affects HR independently of CtIP levels, and this effect could rely in the regulation of the levels of other HR proteins or in the role in the DDR previously described \[[@pgen.1008787.ref020],[@pgen.1008787.ref021]\]. One interesting hypothesis is that the G4less variant serves as a reservoir of *CtIP* mRNA, in order to grant the production of a basal level of the protein that is less affected by external signals. In contrast, the G4 5′-UTR specie is responsible for the bulk of protein expression but might be more sensitive to the presence of specific factors. One tantalizing idea is that this provides for an alternative regulatory step in DNA end resection and that, in fact, the G4 5′-UTR isoform abundance might react to yet unknown signals. ALC1 and eIF4A1 might participate in this unknown regulation. In fact, it is plausible that ALC1 retention at sites of DSB might modulate its ability to stabilize *CtIP* mRNA. Usually, ALC1 is quickly recruited to DNA damage, but it is also quickly released \[[@pgen.1008787.ref020]\]. Thus, normally CtIP expression would not be affected. However, in this scenario, trapping ALC1 at damaged chromatin (for example, because the breaks cannot be repaired) could destabilize the mRNA, causing a drop in the CtIP protein level in the long term, and thus preventing hyper-resection.
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###### Primary antibodies used in this study.

WB: Western blot; IF; Immunofluorescence; SMART: Single Molecule Analysis of Resection Tracks.
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WB: Western blot; IF; Immunofluorescence; SMART: Single Molecule Analysis of Resection Tracks.
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###### ALC1 depletion.

**A**, Gene conversion, measured as described in [Fig 1A](#pgen.1008787.g001){ref-type="fig"} in cells depleted of ALC1 using two additional siRNAs. siALC1-2 targets the coding region, whereas siALC1- 3' UTR targets the 3' UTR of the RNA. **B**, Same as A, but using the EJ5 reproter to check NHEJ efficiency. **C,** Depletion efficiency of ALC1 in cells transfected with the indictaed siRNAs. **D**, Same as A, but using additional siRNA against ALC1, either ALC1-2 (left) or an siRNA targeting the 3' UTR (right) in U2OS cells. **E,** Cell cycle profile of U2OS cells transfected either with siNT control sequence or with siRNAs against ALC1 and CtIP as indicated. The average and standard deviation of three independent experiment are plotted. **F,** Same as C but in HeLa cells. **G**, The average number of RPA foci per cell formed 1h upon exposure to 10Gy of ionizing radiation was scored automatically using the software Metamorph. The average and standard deviation of three independent experiments are plotted (left) and representative images of one cell are shown on the right. Statistical analysis as described in [Fig 2A](#pgen.1008787.g002){ref-type="fig"}.
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###### Accumulation of anti-resection factors in ALC1 depleted cells.

**A**, The average number of 53BP1 foci per cell was calculated as described in [Fig 3A](#pgen.1008787.g003){ref-type="fig"} in cells at different times after exposure to 2 Gy of ionizing radiation in control cells and cells depleted for ALC1 (red). **B**, Computer-based measurement of the size of 53BP1 foci in cells depleted for the indicated factors using the Metamorph software. Size was normalized with the control sample. The average and standard deviation of three independent experiments is plotted. Other details as [Fig 1A](#pgen.1008787.g001){ref-type="fig"}. **C**, Computer-based analysis of the intensity of 53BP1 foci. Other details as panel B. **D**, Same as B but for RIF1 foci. **E**, Same as C but for RIF1. **F**, Same as B but for CCAR2 foci. **G**, Same as C but for CCAR2.
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###### Resection impairment in ALC1 depleted cells does not depend on the loading of anti-resection factors.

**A,** Resection was measured 1h after irradiation in cells infected with shRNA against 53BP1, CCAR2 or a control sequence and transfected with an siRNA against either ALC1 (black bars) or a control sequence (white bars). Representative images are shown on the right. Scale Bar represent 25 μm. Other details as in [Fig 5B](#pgen.1008787.g005){ref-type="fig"}. **B**, Western blot showing the downregulation of ALC1, CCAR2 and 53BP1 of the cells described in A. HSP70 was used as loading control. **C**, Cell cycle analysis of the cells described in panel A.
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###### Resection impairment in ALC1 depleted cells is suppressed by different ALC1 constructs.

**A,** Resection was measured 1h after irradiation in cells transfected with siRNA against ALC1 (black bars) or a control sequence (white bars) and then transfected with the different YFP-ALC1 constructs as mentioned in [Fig 2](#pgen.1008787.g002){ref-type="fig"}. Representative images are shown on the right. Scale Bar represent 25 μm. Other details as in [Fig 2A](#pgen.1008787.g002){ref-type="fig"}. **B**, The average number of RPA foci per cell in samples treated as in panel A and formed 1h upon exposure to 10Gy of ionizing radiation was scored automatically using the software Metamorph. The average and standard deviation of three independent experiments are plotted. **C**, Cell cycle analysis of the cells described in panel A. **D**, Western blot showing the expression of YFP-tagged version of ALC1. Protein samples from cells transfected with the indicated ALC1 variants, downregulated or not for the endogenous version using siRNA as depicted in the figures, were resolved in SDS-PAGE and blotted with an ALC1 antibody. The YFP-tagged and endogenous proteins are marked in the blot with triangles. α-tubulin was used as loading control. **E**, The levels of CtIP protein in cells transfected with the mentioned version of YFP-ALC1 and depleted (black bars) or not (white bars) of endogenous ALC1 with an siRNA targeting the 3' end of the mRNA was determined by Western blot quantification using the Odissey Li-Cor Infrared system and normalized to control cells transfected with an empty plasmid. The average and standard deviation of three independent experiment are plotted.
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###### Cell cycle analysis of ALC1 and eIF4A1 depleted cells bearing GFP and GFP-CtIP.

**A**, The levels of CtIP protein in cells depleted for the indicated proteins was determined by western blot quantification using the Odissey Li-Cor Infrared system and normalized to control cells. A representative image is shown on the right side and the average and standard deviation of three independent experiment are plotted on the left. Statistical significance was calculated using a one-way ANOVA test. One, two or three asterisks represent p\<0.05, p\<0.01 and p\<0.001, respectively. **B**, Cell cycle analysis of the cells described in [Fig 5B](#pgen.1008787.g005){ref-type="fig"}. **C**, Gene conversion was measured as described in [Fig 1A](#pgen.1008787.g001){ref-type="fig"} in cells bearing with a FLAG-CtIP or an empty FLAG plasmid and transfected with the indicated siRNAs, **D**, RPE1 cells synchronized by serum starvation and release as described in the methods section were collected 0h or 22h after serum addition and cell cycle distribution was assayed by FACs analysis. At 0h an enrichment in G1 cells was observed, whereas 22 h later an enrichment on S and G2 was detected.

(PDF)
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Click here for additional data file.
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If present, accompanying reviewer attachments are included with this email; please notify the journal office if any appear to be missing. They will also be available for download from the link below. You can use this link to log into the system when you are ready to submit a revised version, having first consulted our [Submission Checklist](http://journals.plos.org/plosgenetics/s/submit-now#loc-submission-checklist).

To enhance the reproducibility of your results, we recommend that you deposit your laboratory protocols in protocols.io, where a protocol can be assigned its own identifier (DOI) such that it can be cited independently in the future. For instructions see our [guidelines](http://journals.plos.org/plosgenetics/s/submission-guidelines#loc-materials-and-methods).

Please be aware that our [data availability policy](http://journals.plos.org/plosgenetics/s/data-availability) requires that all numerical data underlying graphs or summary statistics are included with the submission, and you will need to provide this upon resubmission if not already present. In addition, we do not permit the inclusion of phrases such as \"data not shown\" or \"unpublished results\" in manuscripts. All points should be backed up by data provided with the submission.

While revising your submission, please upload your figure files to the [Preflight Analysis and Conversion Engine](http://pace.apexcovantage.com/) (PACE) digital diagnostic tool.  PACE helps ensure that figures meet PLOS requirements. To use PACE, you must first register as a user. Then, login and navigate to the UPLOAD tab, where you will find detailed instructions on how to use the tool. If you encounter any issues or have any questions when using PACE, please email us at <figures@plos.org>.

PLOS has incorporated [Similarity Check](http://www.crossref.org/crosscheck.html), powered by iThenticate, into its journal-wide submission system in order to screen submitted content for originality before publication. Each PLOS journal undertakes screening on a proportion of submitted articles. You will be contacted if needed following the screening process.

To resubmit, use the link below and \'Revise Submission\' in the \'Submissions Needing Revision\' folder.

\[LINK\]

We are sorry that we cannot be more positive about your manuscript at this stage. Please do not hesitate to contact us if you have any concerns or questions.

Yours sincerely,

Nancy Maizels, Ph.D.

Associate Editor

PLOS Genetics

Gregory P. Copenhaver

Editor-in-Chief

PLOS Genetics

Reviewer\'s Responses to Questions

**Comments to the Authors:**

**Please note here if the review is uploaded as an attachment.**

Reviewer \#1: The manuscript by Mejias-Navarro identifies a novel mechanism that controls DNA end resection by regulating the expression of a key resection factor CtIP. It is demonstrated that ALC1 has a structural role, together with the transcription factor eIF4A1, to regulate the stability of the major mRNA coding for CtIP. Specifically, the depletion of either ALC1 or eIF4A1 decreases the stability of CtIP mRNA. Interestingly, the effect is linked to a 5\' UTR of mRNA CtIP, and, elegantly, it is demonstrated that fusing this UTR (containing a G-rich sequence) to an unrelated mRNA results in the same regulatory effect.

The works is generally well-done. One conceptual point that is missing is a lack of understanding when and where such a regulation would take place. Dr. Huertas earlier showed that Sae2 and CtIP are regulated by post-translational manner by phosphorylation, which links cell cycle regulation to resection, and which generally allows resection when sister chromatids are available. Furthermore, resection is further e.g. regulated by ATM phosphorylation of CtIP, which responds to the presence of DNA damage. Can the authors comment on what function the mechanism involving ALC1/eIF4A1 has? Is it cell cycle or DNA damage regulated?

Furthermore, while I am in most cases convinced by the data presented, one exception is the quantitation of RPA positive cells. Looking at the representative images shown, it seems to be very difficult to decide whether a cell is \"positive\" or \"negative\", as there appears to be a whole range of RPA intensities from almost invisible to very strong. It would be more convincing to show FACS profiles for some of the key experiments (Fig. 1 and Fig. 4).

The authors conclude that the \"5\' UTR of CtIP is sufficient to render the stability of any mRNA\", while in fact only one other RNA was tested. It would certainly be interesting to perform transcriptome-wide analysis upon ALC1/eIF4A1 depletion and correlation with the likelihood of G4 being formed at UTR; otherwise, the authors should rephrase the statement.

Below are minor points and typos I found while the reading the text

page 3: \"this include the activation\"

page 9: Fig 1A and B, panels A and B

page 10: Fig Supplementary Fig

page 10: We observed a reduced not only in the number

page 12: Fig. 5A does not show double-depletion

page 13: CtIP gene produce two different

Reviewer \#2: The study from Mejías-Navarro and colleagues report that loss of ALC1 (also called CHDL1) reduces homologous recombination (HR), which they attribute to reduced end-resection measured by RPA foci upon DNA damage. In this context, they find that ALC1 knockdown reduces the protein level of CtIP, a factor implicated in the initiation of DNA end-resection. Surprisingly, their data suggest that ALC1 regulates CtIP level independently from its enzymatic activity or PAR-binding. They confirm the interaction between ALC1 and eIF4A1 that previously identified in proteomic screens. It is known that eIF4A1 is an RNA helicase implicated in the resolution of G4 RNA structure. Using bioinformatic tools, they identify 2 isoforms of CtIP mRNA with different 5'UTR sequences due to alternative splicing. They suggest that ALC1 and eIF4A1 regulate the stability of the CtIP isoform with the G4 structure. Analyses of the GFP with G4 or G4less 5'UTR derived from CtIP confirm the findings. Overall, the study identified a new mean to regulate end-resection, by modulating the stability of CtIP mRNA through ALC1 and eIF4A1. The strengths are the novel mechanism and the potential chromatin independent role of ALC1 in DNA repair. CtIP protein levels are low in G1 and much higher in S/G2. It is important to clarify whether the different isoforms of CtIP transcripts present in different cell cycle phases and whether ALC1 and eIF4A1 have cell cycle independent roles on CtIP level regulation. Meanwhile, whether the G4-mediated regulation of CtIP contributes to the cell cycle phase dependent regulation of CtIP protein level. In addition, there are a few other concerns limited the enthusiasm to the manuscript.

Major concerns:

1\) The observations on the un-coordinate changes between CtIP mRNA level and protein level upon ALC1 or eIF4A1 depletion are quite interesting. This is also true for cell cycle specific regulation of CtIP protein levels. Sup Figure 5B showed that eIF4A1 knockdown caused significant G1 and G2/M arrest in the cells test. It is important to understand whether eIF4A1 can directly regulate CtIP stability independent of the cell cycle phases.

2\) Can CtIP expression rescue the HR defects in ALC1 deficient cells? This experiment is important to establish CtIP reduction as the main mechanism by which ALC1 contributes to HR.

3\) In figure 2D, the impact of ALC1 knockdown has a much more dramatic effect on RPA foci formation in telomerase positive Hela cells, than ALT- U2OS cells. Does the two form of CtIP transcripts also exist in Hela cells and are they also protected from ALC1 and eIF4A?

4\) Figure 5C showed that ectopic expression of CtIP without the 5'UTR rescued the resection measured in siALC1 cells. How about the CtIP cDNA with endogenous 5'-UTR?

Minor comments:

1\) Page 4 -- line 4 "...... the presence of DSBs triggers a complete, massive cellular response." Should it be complex, instead of complete?

2\) The author should tone down the discussion regarding the chromatin dependent function of ALC1. Although the CtIP mRNA regulation by ACL1 seems independent of it helicase activity or the Macro domain, there is no direct evidence in the manuscript to exclude the possibility that ALC1 might also promote HR through other mechanisms beyond regulating CtIP mRNA.

3\) There is some inconsistency on whether CtIP G4-mRNA is more stable or at higher accumulative level. It would be helpful to clarify this when it was first measured.

4\) The official gene number of ALC1 is CHDL1. It would be preferred to use CHDL1.

\*\*\*\*\*\*\*\*\*\*
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We are pleased to inform you that your manuscript entitled \"ALC1/eIF4A1-mediated regulation of CtIP mRNA stability controls DNA end resection\" has been editorially accepted for publication in PLOS Genetics. Congratulations!

Before your submission can be formally accepted and sent to production you will need to complete our formatting changes, which you will receive in a follow up email. Please be aware that it may take several days for you to receive this email; during this time no action is required by you. Please note: the accept date on your published article will reflect the date of this provisional accept, but your manuscript will not be scheduled for publication until the required changes have been made.

Once your paper is formally accepted, an uncorrected proof of your manuscript will be published online ahead of the final version, unless you've already opted out via the online submission form. If, for any reason, you do not want an earlier version of your manuscript published online or are unsure if you have already indicated as such, please let the journal staff know immediately at <plosgenetics@plos.org>.
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Comments from the reviewers (if applicable):

Reviewer\'s Responses to Questions

**Comments to the Authors:**

**Please note here if the review is uploaded as an attachment.**

Reviewer \#1: I am happy to support the revised version of the manuscript for acceptance.

Reviewer \#2: The authors have addressed all my major concerns despite some technical difficulties. In the revision, they have also discussed the results in the context of other findings, including potential CtIP independent role of ALC1/CHD1L in homologous recombination.
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**Have all data underlying the figures and results presented in the manuscript been provided?**

Large-scale datasets should be made available via a public repository as described in the *PLOS Genetics* [data availability policy](http://journals.plos.org/plosgenetics/s/data-availability), and numerical data that underlies graphs or summary statistics should be provided in spreadsheet form as supporting information.
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